This paper presents an experimental investigation on the yield behavior of Nomex honeycombs under combined shearcompression with regard to out-of-plane direction. Four different types of specimens were designed in order to investigate the influence of in-plane orientation angle on the yield behavior of honeycombs under combined loads. Two different failure modes of honeycomb specimens, i.e. the plastic buckling and the extension fracture of cell walls, are observed under combined shear-compression. The experimental results validate that the in-plane orientation angle has a significant influence on the developments of the experimental yield surface. The experimental yield surfaces are compared with a phenomenological yield criterion capable of accounting for anisotropic behavior. The comparative analytical results indicate the experimental yield surfaces are approximately consistent with the theoretical yield surfaces in the normal-shear stress space. These experimental results are useful to develop constitutive models of Nomex honeycombs under combined shear-compression.
INTRODUCTION
The honeycombs usually serve as cushioning structures and have many actual applications in the domains of aviation, packaging, transportation, construction, mainly on account of excellent energy-absorbing properties. In these applications, the honeycombs may be subjected to multiaxial loads. Thus, the macroscopic stress distributions and the failure modes of honeycombs are complicated under multiaxial loading conditions. The successful applications of honeycombs need the development of design approaches based on engineering constitutive law and thus a simple but reliable constitutive criterion to determine the failure of honeycombs is essential. As cushioning structures, the honeycombs are designed to carry loads with regard to out-of-plane direction, which is the strongest material symmetry direction. Therefore, it is important to model accurately the failure behavior of honeycombs under multiaxial load-ing conditions, especially combined shear-compression conditions with regard to out-of-plane direction.
The mechanical behavior of honeycombs under combined loads with regard to out-of-plane direction has been studied by some researchers. Petras and Sutcliffe [13] examined the failure behavior of sandwich beams with Nomex honeycomb cores subjected to combined loads. Mohr and Doyoyo [2] modified the standard Arcan rig to study the microstructural response of butterfly shaped aluminum honeycomb specimens under combined loading. For further studies, Mohr and Doyoyo [12] employed a new universal biaxial testing apparatus to investigate the response of aluminum honeycomb under various combinations of large shear and compressive strains. Based on the experimentally measured stress-strain curves, Mohr and Doyoyo [12] proposed an elliptical initial yield surface and a linear crushing envelope for aluminum honeycomb. Note that the honeycomb specimens employed by the above-mentioned researchers [2, 12, 13] have only single in-plane orientation angle and thus the shear loads were applied along single direction. Hong et al [6, 7] devised two systems (so-called the independently controlled test fixture [6] and the inclined test fixture [7] ) to extensively investigated the quasi-static crush behavior of aluminum honeycomb under combined shear-compression. A phenomenological yield criterion for aluminum honeycomb specimens with different in-plane orientation angles was proposed in terms of the experimental normal crush and shear strengths under different loading conditions. In addition, the influence of the in-plane orientation angle on energy absorption rate was also defined. In a follow-up investigation, Hong et al [8] introduced an impact test apparatus in terms of their quasi-static method to perform dynamical biaxial experiments on aluminum honeycomb. Recently, Hou et al [9, 10] designed a large-diameter Nylon Split Hopkinson Pressure Bar system (SHPB) with beveled ends of different loading angles to investigate the crush behavior of aluminum honeycomb specimens under combined shear-compression. A significant strength enhancement was found at dynamic loading for both normal and shear behaviors with respect to the quasi-static case.
The Nomex hexagonal honeycombs are manufactured by the expansion method and single honeycomb cell is composed of two double-thickness walls and four single-thickness walls, as shown in Fig 1. Therefore, the hexagonal honeycombs are orthotropic and have three material symmetry axes of orthotropy due to the manufacturing process. The effect of the in-plane orientation angle on the mechanical behavior of the hexagonal honeycombs should be taken into consideration. This paper deals with the combined shear-compression tests of Nomex honeycombs with regard to the out-of-plane direction to investigate their yield behavior under biaxial loadings. The out-of-plane compression tests are performed to obtain their out-of-plane compression strength. Four types of honeycomb specimens with different in-plane orientation angles are designed under combined shear-compression testes. Base on the experimental results, the influence of the in-plane orientation angle on the yield behavior of Nomex honeycomb is discussed in details. Two different failure modes of honeycomb specimens are observed under combined loads. Finally, a phenomenological yield criterion capable of accounting for anisotropic behavior is suggested to charactirize the yield stresses of Nomex honeycombs under combined loads. 
EXPERIMENTAL PROCEDURE

Material and specimen
Nomex hexagonal honeycomb was employed in this investigation. A schematic of Nomex honeycomb with hexagonal cellular microstructure is shown in Fig. 1 . The hexagonal honeycomb has a density of 72kg/m 3 with single wall thickness t = 0.065mm, the expansion angle θ = 30 ○ , and the cell size d = 4.76mm. It has three material symmetry axes denoted as, as shown in Fig.1 . Thez-direction, also known as the out-of-plane direction corresponds to the axes of the honeycomb cells, is the strongest material symmetry direction. The other two directions (xandy) are so-called in-plane directions referred as the ribbon direction and the width direction of honeycomb. The in-plane orientation angle β is defined as the angle between the in-plane material symmetry axe x and the in-plane shear loadF T .
Type U specimens with dimension of 42.6 × 42.8 × 25.0mm in the directions of L W H respectively were used in the out-of-plane compression tests. Four types of honeycomb specimens with different in-plane orientation angles were designed in combined shear-compressive tests for investigating the influence of the in-plane orientation angle on the yield behavior under combined loads with regard to out-of-plane direction. The parameters of five types of specimens and the corresponding loading conditions are listed in Table 1 . All honeycomb specimens were extracted from rectangular plates of Nomex honeycomb with dimension of 500 × 500 × 025mm in the directions of L W H respectively, as shown in Fig.2 . It should be pointed out that there exists a small size difference among four types of specimens used in combined shearcompression tests due to ensuring the integrity of honeycomb cells in the extracting process. The influence of the size difference among four types of honeycomb specimens on experimental results will be detailed discussed in section 3.3.1.
Out-of-plane compression tests
The aim of the out-of-plane compression tests is to determine the compressive strength of Nomex honeycombs in relation to the out-of-plane direction. The test results under the out-ofplane compression will be compared with those under combined shear-compression of loading angle ϕ = 90 ○ . The out-of-plane compression tests with the type U specimens were carried out using a universal material testing machine, as shown in Table 1 The parameters of five types of honeycomb specimens Type L×W×H (mm Double cell walls number  85  293  90  35  132  45  36  128  45  35  132  44  36 128 38 at a constant displacement rate of 1mm/min and the loads and displacements were recorded during the entire process of loading. Tests were repeated 5 times and the compressive strength is determined from the average yield load divided by the load carrying area of specimen.
Combined shear-compression tests
In this section, the Arcan test rig originally designed to study the biaxial failure of unidirectional fiber-reinforced composites [1] is employed to investigate the yield behavior of Nomex honeycombs under combined shear-compression with respect to the out-of-plane direction. The rig consists of two pairs of plane semi-circular loading plates, as illustrated in Fig. 4 . The two pairs of loading plates are connected to a universal material testing machine through clamped configuration with single loading pin. The array of pin holes in the loading plates allows the loading plates to be attached to the clamped configuration with single loading pin at different orientations. This allows a range of values of the loading angle ϕ between the plane of specimen and the loading direction. It should be point out that in this study a cubic shape of modified Arcan specimens was used to carry out the experiments. Load carrying surface of the cube specimen was subjected to a uniform distribution of load in the whole experimental process and the initial plastic buckling appeared on the load carrying surface of the cube specimen that denotes the termination of elastic region and the onset of plastic collapse of honeycomb. Four types of honeycomb specimens with different in-plane orientation angles were extracted from the rectangular plates of honeycomb supplied by manufacturer and subsequently bonded to the steel intermediate grips using the Epoxy glue. Finally, the honeycomb specimens with the steel intermediate grips were set in a bonding fixtures, which applied a constant pressure on the specimens until they were ready for testing, as illustrated in Fig.5 . The stress state of honeycomb specimen in the Arcan tig is shown in Fig. 4 and the normal stress and the shear stress of specimen is given by [11] :
Here, S represents the load carrying area of specimen. The combined shear-compression tests were conducted by controlling the constant vertical displacement rate of 1mm/min using the universal material testing machine and the Arcan rig, as shown in Fig. 6 . Tests were repeated 5 times for every loading angle.
EXPERIMENTAL RESULTS AND DISCUSSION
Out-of-plane compression response
The type U specimens were first employed in the out-of-plane compression tests. A typical the load versus displacement curve of type U specimen is presented in Fig. 7 . The test results are generally in agreement with those reported by other researchers [3, 14] , with a linear elastic region, a peak point, a "plateau" region and a densification region. It is well known that the initial peak of the load-displacement curve denotes the onset of plastic collapse of honeycombs in the out-of-plane compression tests. Therefore, the initial yield load is yet defined by the initial peak load of the load-displacement curve in this paper. It should be note that the current work focuses on the initial yield behavior of Nomex honeycombs. Thus, only the loaddisplacement curve before the occurrence of densification is presented in Fig.7 . The peak loads and the compressive strength of specimens are listed in Table 2 . The compressive strength value of honeycomb specimen is 3.34MPa. Figure 7 The load-displacement curve of type U specimen under compression test. The characteristic vertical force versus displacement responses of the four types of specimens under combined load of loading angle ϕ=90 ○ are shown in Fig.8 . Its general shape is approximately in agreement with those obtained from the out-of-plane compression tests in section 3.1. In the elastic region, the vertical force-displacement curve is initially linear, but becomes non-linear at the following stages due to elastic buckling of the cell walls. When the load reaches peak, the initial plastic buckling appears on load carrying surface of specimen that denotes the termination of elastic region and the onset of plastic collapse of honeycomb. After the peak, the load rapidly drops and subsequently remains at a nearly constant value as the displacement increases. In the post-peak region, specimen has developed several regular buckles with some wavelength and the cell walls are progressively folded, as illustrated in Fig.9 . In other words, the localized folding process of cell walls is reflected in force-displacement curve by small fuctuations around a nearly constant load plateau. The yield stress is determined by average peak load divided by the load carrying area of specimen, as listed in table 3. The yield stress difference between type A and C specimens which have the same dimensions and cell numbers is only 0.02 MPa, but the difference between type B and D specimens which also have the same dimensions and cell numbers reaches 0.08 MPa. This strength difference between type B and D specimens is caused by the difference of the proportion of double cell walls in all cell walls, as listed in table 1. It should be noted that the mechanical properties of commercial honeycombs usually have variations of ±5% from the mean value. The yield stress values of four types of honeycomb specimens are within the range of the compressive strength value of 3.33 ± 0.07MPa obtained from the out-of-plane compression tests in section 3.1. Therefore, the pure compression test results of four types of specimens are approximately consistent with those obtained from the out-of-plane compression tests in section 3.1 and the influence of dimensions difference among four types of specimens on the experimental results is not significant. 
Pure shear tests (ϕ=0 ○ )
The vertical force versus displacement responses for four types of honeycomb specimens subjected to a state of pure shear in x-y plane are presented in Fig. 10 . The load increases linearly and reaches the peak as the displacement increases. The peak point of the curve represents the onset of brittle extension fracture of cell walls. After the peak load, the load remains at a nearly constant value as the displacement increases. The peak loads and the yield stresses of four types of specimens are listed in Table 4 . As shown in the table 4, there is a remarkable difference in the yield stress among four types of specimens. The yield stresses notable decreases as the in-plane orientation angle increases. The yield stress of type A specimen is maximum and the yield stress of type D specimen is minimum among four types of specimens. In other words, x denotes the strong shear axis and y denotes the weak shear axis in x-y plane [4] . The yield stress of type D specimen is only equivalent to 47% of the yield stress of type A specimen. This experimental result seems rational since as the in-plane orientation angle increases, the resistive contribution of double thickness cell to the shear load decreases. Under a combination of shear and compression, an obvious peak is observed in the vertical force versus displacement curve. This is shown exemplary in Fig. 11 for four types of specimens subjected to combined shear-compression of loading angle of ϕ = 50 ○ . Initially, the load varies linearly with displacement. After the linear stage, the slope of the curve decreases due to the loss of stiffness caused by elastic buckling of the cell walls. This behavior continues until the maximum load is reached, after which the load drops. Note that plastic yield of the cell walls controls the load carrying capacity of honeycombs. Therefore, it is reasonable to define the peak point of vertical force versus displacement curve as the outset of plastic yield of honeycombs. The peak load could represent different failure patterns depending on the loading angle. For compression dominant combined loads (ϕ=70 ○ to 80 ○ ), the peak load could denote the occurrence of initial plastic buckling. At the post-peak stage, the inclined congeries pattern of progressively folds is observed. The reason causing this deformation pattern is that the shear loading induces an overall translation of the buckled cell relative to the non compacted cells. For shear dominant combined loads (ϕ=10 ○ to 30 ○ ), the peak load could represent the onset of brittle extension fracture of cell walls. A comparison of the top views of crushed type D specimens from combined shear-compressive tests is shown in Fig.12 . The normal and shear stresses at the yield points are calculated from the average peak loads according to Eqs. (1) and (2), respectively. The measured peak loads and normal and shear stresses of four types of specimens at the yield points under different loading conditions are presented in Table 5 .
The calculated yield points of four types of specimens at every loading angle are plotted in the normal-shear stress space, as shown in Fig.13 . It can be found that under conditions of the same loading angles, the normal and shear stresses of honeycomb decrease as the in-plane orientation angle increases. This results are well consistent to the results obtained from pure shear tests (ϕ=0 ○ ) in that the contribution of the double thickness cell walls to the shear resistance notable decreases as the in-plane orientation angle increases. For loading angles such as 10 ○ to 50 ○ , the shear stresses of four types of specimens at yield points are all close to the pure shear strength, respectively. In other words, the load carrying capacities of four types of specimens under combined loads are restricted by the pure shear strength, respectively. For higher loading angle of 80 ○ , the normal stresses of four types of specimens at yield points are close to the out-of-plane compression strength due to loading state dominated by compression. The deformation pattern of honeycomb specimens is similar to the pattern observed in pure compression tests(ϕ=90 ○ ).
（ a） （ b） Figure 11 Vertical force-vertical displacement curves of four type specimens under combined shear-compression test of loading angleϕ = 50 ○
DETERMINATION OF THE MACROSCOPIC YIELD SURFACES
As cushioning structures, the failure patterns and the macroscopic stress distributions of honeycombs are complicated in working conditions. It is quite difficult to model the detailed microscopic deformation mechanisms of honeycombs. Therefore, a phenomenological yield criterion for honeycombs, evaluated from the measured results in combined shear-compression test, is now presented. In 1948, Hill proposed a criterion capable of accounting for anisotropic behavior of materials [5] . The well-known criterion is written as: Figure 12 Top views of type D specimens (a) for loading angleϕ=80 ○ , (b) for loading angle ϕ=20 ○ Figure 13 Yield points of four types of specimens under different loading conditions in the normal-shear stress space
The material constants H and N are introduced to account for anisotropy and can be determined from experiments. If σ XT , σ Y T , and σ ZT are the yield strengths in the principal directions of anisotropy
Where τ S Y Z , τ S ZX and τ S XY are the yield strength with respect to the axes of anisotropy. Here, σ xx , σ yy and σ zz are the normal stresses and σ yz , σ zx and σ xy are the shear stresses with respect to the material symmetry axes x, y and z. In this investigation, loading conditions involve only out-of-plane combined shear and compressive stresses (σ xx =σ yy =σ zz =0), the yield criterion can be rewritten as
Note that the goal of this investigation is to determine the initial yield surface of honeycomb. Therefore, the normal and shear stresses in Eq. (5) can be displaced by the normal yield strength and the shear yield strengths defined by Eqs (1) and (2) . Eq (5) can be written as
where P and Q are material parameters. Here, σ zz is the normal strength in z direction, τ zy and τ zx are the shear strengths with regard to the material symmetry axes z-y and z-x, respectively, and σ ZT is the compressive strength with regard to the z direction determined by the out-of-plane compressive tests. Based on the experimental result, σ ZT = 3.33MPa. For a given in-plane orientation angle β, the in-plane shear strength τ can be decomposed into τ zy and τ zx with regard to the material symmetry axes z-x and z-y. Therefore, for a given set of the normal yield strength σ and the shear yield strengths τ , A quadratic curve in the normal-shear stress space was derived as
By fitting the experimental results of type A and D specimens with the least squares algorithm, the values of P and Q can be identified to be 2.251 and 9.654, respectively. The yield surfaces for β = 30 ○ and 60 ○ based on the yield criterion in Eq (7) are plotted in Fig. 14 for being compared to experimental results of type B and C specimens. The Scatters in Fig. 14 are the yield points of four types of specimens under the combined shear-compressive tests. By comparing the experimentally measured yield surfaces and the phenomenological yield criteria, it can be found that the experimental yield surface of type B specimens are approximately consistent with the theoretical yield surfaces, the phenomenological yield criteria slightly underestimates experimental yield strengths of type C specimens. But this deviation does not significantly influence the description for the anisotropic behavior of Nomex honeycombs. 
CONCLUSIONS
Two different types of tests, i.e. the out-of-plane compression test and the combined shearcompression test with regard to out-of-plane direction, were conducted in order to investigate yield behavior of Nomex honeycombs. The compressive strength of honeycombs with regard to the out-of-plane direction was determinated by the out-of-plane compression tests. The combined shear-compression tests were conducted on four types of specimens with different in-plane orientation angles by using the universal material testing machine and the Arcan test rig. Two different failure modes, namely:the plastic buckling and extension fracture of cell wall, were observed under the combined shear-compression tests. The notable influence of the in-plane orientation angle on the experimental yield surfaces of honeycomb due to the existence of the double-thickness walls was validated. The experimental yield surfaces were compared with a phenomenological yield criterion capable of accounting for anisotropic behavior. The phenomenological yield criteria can properly describe the experimental yield surfaces of Nomex honeycombs. These experimental results are useful to develop constitutive models of Nomex honeycombs under combined shear-compression.
